Protein expression, purification, and labeling M2 18-60 and its variants are cloned, expressed and purified as previously described 1 . Briefly, the protein was expressed into inclusion bodies as a fusion to His9-trpLE. The M2 18-60 peptide was released from the fusion protein by cyanogen bromide digestion in 70% formic acid (1 hr, 0.2 g/ml cyanogen bromide, 70% formic acid). The digest was dialyzed against water, lyophilized, and loaded onto a C4 column (GraceVydac) in 2:1:2 hexafluoroisopropanol:formic acid:water and separated using a gradient of 3:2 isopropanol:acetonitrile. For selective 13 C-labeling of histidine, 100 mg/L of 13 C 6 , 15 N 3 labeled L-histidine (Isotec, Sigma) was added 1 hr before induction with IPTG. The lyophilized peptide was then refolded at 250 mM by dissolving in 6 M guanidine and 150 mM DHPC and dialyzing against the final NMR buffer containing 40 mM sodium phosphate and 30 mM glutamate. The sample was concentrated to a final concentration of 0.75 mM (monomer). Rimantadine was added after concentrating. The concentration of DHPC was determined from 1 H NMR spectroscopy to be around 300 mM.
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Liposomal proton flux assay
Liposome assay for M2 channels was established based on works from the Schroeder, Miller and Busath labs [2] [3] [4] . In this assay, a proton gradient was used to drive proton conduction. Liposomes were made with identical pH and ion concentrations inside and outside, but highly buffered inside and only weakly buffered outside. Proteinmediated conductance of protons from the external bath into the liposome interior was initiated by adding hydrochloric acid under continuous rapid mixing. Proton flux was monitored as an increase in pH of the external bath.
M2 
NMR pH titration of His37 imidazole
A series of 13 C 1D spectra of the double mutant (E56K, H57Y) of M2 18-60 with only His37 13 C labeled were recorded at different pH values (7.3 -5) using direct carbon detection ( 13 C frequency 125 MHz). The changes in peak height vs. pH for the His37 13 C ε1 were plotted and fit as above for Trp41.
k trans and K app equations derived based on the reaction scheme 2. σ is the standard deviation. 3 pK app = -log 10 (K app ). 4 n represents the number of times the entire saturation curve was repeated (the number of points per curve was between 7 and 10 except for WT (pH 5-3) where the number of points per curve was 5).
Supplementary Table 2
Fitting statistics for representative conductance curves presented in Fig. 1a&b and Fig. 3 The initial rates of proton flux at different starting pH values were then used for kinetics analysis (Fig. 1) .
